INTRODUCTION-Large elevations of high sensitive Troponin T (hsTnT) in ischemic stroke patients is associated with a poor outcome. In a pilot study we found a high prevalence of malignancies among these patients. Since neutrophil extracellular traps (NETs) have been linked to cancer-associated thrombosis, we hypothesized that the concomitant cerebral and myocardial ischemia could be the result of a NET-induced hypercoagulable state.
INTRODUCTION
Cerebrovascular and cardiovascular thrombosis is a leading cause of death. Ischemic stroke can be associated with a variety of cardiac changes, including plasma elevations of cardiac enzymes such as troponins. Previous studies have shown that troponin elevation in ischemic stroke is associated with an overall increased risk of poor outcome and mortality 1 . The underlying pathophysiology of troponin elevation in ischemic stroke is still unclear. A number of possible mechanisms have however been proposed, such as concomitant acute coronary syndrome (ACS) 2 , neurologically induced myocardial injury due to sympathoadrenal activation 3 , atrial fibrillation, congestive heart failure (CHF), renal insufficiency and severe infection 4, 5 .
There is now growing evidence of neutrophil extracellular trap (NET) burden in a variety of thrombotic diseases: among them ischemic stroke 6 , ACS 7, 8 and cancer-associated thrombosis [9] [10] [11] . NETs were first described in 2004 12 as a mechanism for trapping and killing of bacteria by the innate immune system. Upon activation, neutrophils release chromatin (DNA and histones) coated with antimicrobial granular proteins such as myeloperoxidase (MPO). Prior to releasing NETs, the protein citrullinating enzyme peptidyl arginine deiminase 4 (PAD4) enters the nucleus and citrullinates histones initiating chromatin decondensation. Citrullinated histone H3 (H3Cit) is thereby considered a NET specific marker. NETs have been found to promote coagulation by activation of platelets and coagulation factors as well as providing a scaffold for platelets and red blood cells, promoting thrombus formation 13, 14 .
In an attempt to better understand the mechanisms leading to troponin elevation in ischemic stroke patients, a pilot-study was conducted and ischemic stroke patients were selected in a case-control design on the basis of highly elevated or normal levels of plasma high sensitivity Troponin T (hsTnT). The presence of comorbidities, such as ACS, CHF, atrial fibrillation and renal insufficiency, did not differ between the groups with and without troponin elevation, ruling out the implication of these previously suggested mechanisms. Instead, we found an unexpectedly high prevalence of malignancies among the patients with large hsTnT-elevations. Autopsy and histopathological investigation performed on three patients with elevated hsTnT and malignancies revealed widespread arterial H3Cit-positive microthrombosis. We hypothesized that high elevations of plasma troponin in ischemic stroke patients could be the result of a cancer-associated NET-induced pro-coagulant state leading to concomitant cerebral and myocardial ischemia. In light of a recent report on cancer-associated granulocyte colony-stimulating factor (G-CSF) priming neutrophils towards NETosis in mouse models 9 , we sought to examine the contribution of circulating G-CSF in NET formation. We report elevated levels of circulating G-CSF in these patients, as well as positive correlations between circulating G-CSF, markers of coagulation, and NETs, linking a cancer-induced systemic NET burden to widespread arterial microthrombosis presenting as stroke with troponin elevation.
METHODS

Study population and design
A prospective, observational case-control study including 31 patients with ischemic stroke admitted to the stroke unit at Danderyd Hospital, Stockholm, between April 2012 and December 2014. Patients with ischemic stroke and hsTnT > 40 ng/L (ref value < 15 ng/L) were recruited as case patients (n=12) and patients with ischemic stroke and hsTnT ≤ 15 ng/L were recruited as control patients (n=19). They were matched according to sex and age within a five-year interval. Inclusion criteria for both groups were 1) ischemic stroke confirmed by cerebral imaging or ischemic stroke with new focal neurological deficits and 2) symptom onset < 48 hours before admission. Exclusion criteria for both groups were acute cardiovascular event (ACS or ischemic stroke) within four weeks of symptom onset. Plasma concentration of hsTnT was analyzed on admission using the ECLIA electrochemiluminescense immunoassay system (Roche Diagnostics Scandinavia AB). The assay performance for the cut-off values (≤15 ng/L for normal values and >40 ng/L for elevation) is in accordance with current guidelines. Inclusion was restricted to time periods with available research personnel, during which ischemic stroke patients with the highest plasma hsTnT value on admission were selected to the case group. Healthy volunteers (n=10), matched on sex and age within a five-year interval, were recruited as reference for plasma analyses.
Demographic data and comorbidity were obtained from medical records and patient history documented on admission. Active cancer was defined as diagnosis of, or treatment for, cancer within the prior six months, known recurrent or metastatic disease, or diagnosis within two months after stroke onset. CT brain imaging was performed on admission and stroke localization and distribution was determined by a senior neuroradiologist blinded to clinical details. Stroke severity was determined using the National Institute of Health Stroke Scale (NIHSS) by certified raters.
Plasma analyses
Blood samples were drawn within two days of admission with patients in bed in the supine position 30 minutes prior to blood sampling. Plasma samples were prepared from citrated whole blood following immediate centrifugation for 20 minutes at 2000 g after which they were stored at −80°C until further analyses. Plasma analyses were performed at the Wagner Laboratory, Boston Children's Hospital. At time of analyses, samples were thawed once. Thrombin-antithrombin complex (TAT), soluble P-selectin (sP-selectin), cell free DNA (cfDNA), G-CSF and MPO were analyzed with human TAT ELISA (Enzygnost TAT mikro, Siemens), human sP-selectin/CD62P Quantikine ELISA (R&D Systems), Quant-iT PicoGreen dsDNA assay (Invitrogen), human G-CSF Quantikine ELISA (R&D Systems) and human myeloperoxidase Quantikine ELISA kit (R&D Systems), according to the manufacturer's instructions. H3Cit was detected using a tailor-made capture ELISA method. Briefly, the microplate modules of the cell death detection ELISA were coated with the antihistone antibody (Component 1) overnight and blocked with the incubation buffer (Roche). Plasma samples were incubated for one hour, washed with PBS-Tween 0.05%, followed by incubation with rabbit anti-histone H3 (citrulline 2+8+17) antibodies (Abcam) and anti rabbit-horseradish peroxidase-conjugated antibodies (Biorad). The samples were analyzed side-by-side on the same plate, and the inter-individual differences in duplicates were negligible (mean difference 0.007 O.D.).
Autopsy and histopathology
Specimens obtained at autopsy were stained with standard hematoxylin & eosin, Luxol fast blue for degenerated neural tissue and Ladewigs trichrome for fibrin. Immunohistochemistry was performed on specimens containing thrombi. The antibody used was anti-histone H3 (citrulline 2+8+17) antibody (Abcam) for H3Cit. Confocal immunofluorescence microscopy at the Wagner Laboratory, Boston Children's Hospital, was performed with antigen retrieval in sodium citrate buffer (10 mM, pH 6.0) using microwave after deparaffinization. The sections were permeabilized with 0.1% Triton X-100 on ice for 10 minutes. After blocking with 3% bovine serum albumin (BSA) for one hour at 37°C, slides were incubated overnight at 4°C with sheep polyclonal anti-von Willebrand factor (anti-VWF, Abcam, ab11713, 1:250), mouse monoclonal anti-human smooth muscle actin (anti-SMA, Dako, M0851, 1:100) and rabbit polyclonal anti-H3Cit (Abcam, ab5103, 1:1000) in antibody dilution buffer (0.3% BSA, 0.05% Tween-20) and then with Alexa Fluor-conjugated secondary antibodies (Invitrogen, 1:1500) for two hours at room temperature after washes in phosphate-buffered saline. DNA was stained with Hoechst 33342 (1:10000). Images were acquired with Olympus Fluoview software using the Olympus IX 81 confocal microscope. (IQR) and compared with the Mann-Whitney U test. Significance of correlation was analyzed with Spearman's rank correlation. All statistical analyses were performed using STATA 12.1 software (STATA, Texas, USA) and a p-value < 0.05 was considered statistically significant.
RESULTS
Patient characteristics, clinical assessment and histopathological findings
In order to identify the cause of elevated troponin levels in ischemic stroke patients, study patients were selected in a case-control design on the basis of highly elevated or normal levels of plasma hsTnT. During time periods of study inclusion, eligible patients with the highest plasma hsTnT were therefore selected, rendering a high mean of hsTnT in the case group; 287.8 ng/L with a median of 144.0 ng/L. The mean value of hsTnT in the control group was 8.7 ng/L with a median of 9.0 ng/L.
There were no significant differences in patient characteristics and NIHSS score between ischemic stroke patients with and without elevated hsTnT, except for the prevalence of active cancer (n=8), which was significantly higher in the group with elevated hsTnT compared to the group with normal values of hsTnT; 7/12 vs. 1/19, p=0.002 (Table 1 ). Four of these eight patients had a known diagnosis of active cancer on admission; three patients were diagnosed with active cancer post-mortem and one within two months after stroke onset. Seven of eight primary tumors were adenocarcinomas, but of different origin (Table  2) .
Multiple and disseminated cerebral lesions extending single vascular territory detectable on CT brain imaging were significantly more common in this group compared to patients without active cancer (50 % vs. 4 %, p=0.010). Macroscopic examination during autopsy of three of the ischemic stroke patients with high troponin elevations showed no thrombotic occlusions of the coronary arteries. Furthermore, only mild atherosclerotic plaque formation was seen. Histopathology, however, revealed disseminated focal areas of myocardial damage at different stages accompanied by widespread microvascular thrombosis. Abundant and widely spread arterial microthrombi were found in the brain, heart and in the pulmonary arterial tree (Fig 1 A) , suggesting a systemic pro-thrombotic state rather than thrombus formation on ruptured atherosclerotic plaques or embolizations. In addition, thrombi with concomitant infarctions were observed in small renal and splenic arteries in one of the three patients where an autopsy was performed.
Interestingly, immunohistochemistry ( Fig 1B) and confocal microscopy ( Fig 1C and D) revealed the presence of NETs (extracellular DNA and H3Cit) and decondensed H3Cit positive cells in multiple cerebral, myocardial and pulmonary thrombi of the three ischemic stroke patients. This suggests the potential implication of NETs in the microthrombosis associated with high troponin levels in ischemic stroke patients.
Plasma markers of coagulation, platelet activation and NETs
To assess whether troponin elevation could be associated to a pro-coagulant state, we determined plasma levels of TAT and sP-selectin (Fig 2A) . TAT levels appeared higher in patients with elevated hsTnT compared to patients with normal hsTnT levels, although the differences did not reach statistical significance (median 12.1 with IQR 6. Since the ischemic stroke patients with elevated troponin had a high prevalence of cancer and a NET-induced coagulant state has been reported to play a role in cancer-associated thrombosis 9 , we compared the levels of these markers in patients with and without active cancer. Significant and even higher elevations of both TAT and sP-selectin were seen in patients with cancer compared to patients without cancer (TAT: median 28.9 with IQR 9. (Fig 2C) , TAT and sP-selectin did not differ between patients with and without hsTnT elevation (p=0.97 and 0.12 respectively), thus linking cancer to the pro-coagulant state. In accordance with markers of coagulation and platelet activation, the differences in circulating cfDNA, MPO and H3Cit between patients with hsTnT elevation and patients with normal hsTnT values were eliminated when excluding patients with cancer (p=0.12, 0.052 and 0.14 respectively) (Fig 2C) .
Furthermore, elevations of H3Cit correlated positively with elevations of cfDNA, MPO, TAT, and sP-selectin (Fig 3A) . Of note, one of the stroke patients with troponin elevation and cancer had very high levels of H3Cit, as depicted in Fig 2 and 3 . The differences in H3Cit levels between cancer patients and non-cancer patients ( Fig 2B) were, however, still large and significant when excluding this patient from analyses (median 0.22 with IQR 0.12-0.28 vs. median 0.07 with IQR 0.05-0.08, p<0.005). Likewise, the correlations between elevations of H3Cit and elevations of cfDNA, MPO, TAT and sP-selectin remained significantly positive when excluding this patient (r=0.74, p<0.001; r=0.64, p<0.001; r=0.45, p<0.05; r=0.57, p=0.001, respectively) (Fig 3) . These results suggest that troponin elevation in ischemic stroke patients may be the result of a NET-induced systemic pro-coagulant state associated with cancer.
Circulating G-CSF
Cancer has been shown to prime neutrophils towards NETosis through the release of G-CSF 9 . In light of the high prevalence of cancer, and its association with a pro-thrombotic state in our study, we determined the levels of circulating G-CSF and leukocyte count in order to assess a link between G-CSF and NET burden. A seven-fold increase of G-CSF was seen in plasma of patients with cancer compared to patients without cancer (median 21.0 vs. 3.1 pg/mL, p=0.016). Leukocyte count was also significantly higher in patients with cancer (median 12.6 vs. 6.8 × 10 9 /L, p=0.002). Furthermore, there were positive correlations between levels of GCSF and levels of H3Cit, MPO, TAT and sP-selectin (Fig 3B) .
When comparing the whole study group, comprising all ischemic stroke patients (n=31), with sex-and age matched healthy controls (n=10), markers of coagulation and platelet activation were significantly higher in ischemic stroke patients (median 7.2 vs. 
DISCUSSION
In an attempt to evaluate the cause of large elevations of troponin levels in ischemic stroke patients, we now report the implication of NET-associated arterial microthrombosis potentially due to cancer. Plasma analyses and histopathological investigations were strongly supportive of a systemic pro-thrombotic state. We link this pro-thrombotic state to NETosis by showing elevated levels of the NET-specific marker H3Cit in plasma as well as in thrombi from a variety of organs. The presence of a NET-induced pro-coagulant state was strongly associated with underlying cancer in the ischemic stroke patients with elevated troponin. Apart from our case report of one of the patients in this study 10 , H3Cit has, as far as we know, not previously been described in plasma or thrombi of ischemic stroke patients. Although the mortality was high among the stroke patients with cancer, the histones detected in plasma were citrullinated, implying that they did indeed originate from NETs and not merely histone release due to cell death in critically ill patients. This link is further supported by the positive correlations between H3Cit and MPO, an enzyme which is most abundantely expressed in neutrophils, and decorate NETs upon release. Furthermore, although elevations of both TAT and sP-selectin are established findings in cancer, the positive correlations between these markers and H3Cit further support a procoagulant state to which NETosis contributes, since NETs have been shown to be procoagulant and proinflammatory 8, 13 . Of note, sP-selectin was recently shown to promote NETosis in mice 15 . The high prevalence of cancer, elevations of circulating G-CSF and leukocytes, as well as the positive correlation between levels of G-CSF and H3Cit in these patients furthermore indicate a possible cancer-associated NET burden. Notably, exclusion of patients with cancer resulted in nonsignificant differences in markers of coagulation and NETosis between patients with and without hsTnT elevation. Cancer-induced NETosis may thus have contributed to the devastating, and in severe cases lethal, widespread arterial microthrombosis. Interestingly, macroscopic examination during autopsies revealed no thrombotic occlusions of the coronary arteries, and the widespread microvascular thrombosis was revealed first at histopathology. Autopsy including histopathology is very rare in stroke patients, and the multiorgan microvascular thrombosis resulting from a cancer associated pro-coagulant state may be underestimated in ischemic stroke patients with an underlying malignancy.
Cancer-induced arterial thrombosis
Venous thromboembolism (VTE) is a well-established complication in a variety of malignancies, where a four to six-fold increased risk of VTE has been reported 16, 17 . Tumorshed microvesicles exposing tissue factor, selectin-mucin interactions in mucin secreting adenocarcinomas, cytokines, and increase in leukocytes and platelet counts have all been proposed to play a role [18] [19] [20] [21] [22] . The pathophysiology and extent of cancer associated arterial thrombosis is, however, less investigated. Interestingly, in 1985, an autopsy study comprising 3,426 cancer patients (excluding intracranial neoplasms) reported cerebrovascular lesions in 14.6% of the patients 23 . A recent and large epidemiological study also reported higher cancer prevalence in a stroke population than in an age-matched general population 24 . Furthermore, an increased risk of myocardial infarction 25 or stroke 26 has been reported in patients with cancer, as well as an increased risk of cardiovascular mortality in stroke patients with prior cancer diagnosis 27 , suggesting that cancer-associated arterial thrombosis may be underestimated. Four of the eight patients with active cancer in our study were diagnosed with cancer at autopsy or within two months after stroke onset. Armand Trousseau was the first to describe the connection between cancer and VTE in 1865 28 , reporting unexpected thrombosis as the forewarning of an occult malignancy. The high mortality of stroke patients without autopsy examinations may contribute to an underestimated occurrence of cancer associated ischemic stroke.
NETosis in arterial thrombosis
Elevations of nucleosomes and cfDNA have repeatedly been shown to correlate to infarct area and adverse outcome in patients with ischemic stroke and myocardial infarction [29] [30] [31] [32] [33] . Being non-specific markers of tissue injury, however, the origin of cfDNA and nucleosomes is not clear as they could be released from necrotic tissues following injury and vessel wall damage. Recently, however, reports have shown H3Cit in infarcted areas in mouse models of myocardial 8 and cerebral infarction 6 . The strong inflammatory response and hypoxic milieu surrounding an infarcted tissue could in this setting activate and prime neutrophils towards NETosis, inducing a local NET burden at the site of the infarction. Once released, NETs could subsequently contribute to thrombus growth and stabilization 33 . In contrast to this, our present findings of a three-fold increase in circulating H3Cit in our stroke patients with active cancer compared to stroke patients without cancer, and the lack of elevated circulating H3Cit in our stroke patients compared to healthy controls, suggests a systemic NETosis initiating thrombus formation in these patients, rather than NETosis being a consequence of the infarction. The presence of H3Cit and H3Cit-positive cells, likely neutrophils, in thrombi also supports the idea of a systemic NETosis.
Cancer-induced NETosis
The marker of NETosis (H3Cit) have been found in plasma of cancer patients with acute microangiopathies 11 . The link between NETosis and cancer was also recently demonstrated by Demers and colleagues in a murine model of chronic myelogenous leukemia in which malignant and non-malignant neutrophils were more prone to NET formation 9 . In the same study, spontaneous pulmonary thrombosis was observed in a murine mammary cancer model, correlating with high levels of cfDNA and H3Cit in plasma. In both models, tumorassociated G-CSF was shown to prime neutrophils towards NETosis. G-CSF stimulates bone marrow to produce granulocytes and increases survival and proliferation of mature neutrophils in the bloodstream 34 . It is normally synthesized by leukocytes and endothelial cells, but is also overexpressed in a variety of cancer cells where it has been shown to skew hematopoiesis toward a myeloid lineage as well as promote the production of atypical T-cell suppressive neutrophils 35, 36 . We cannot be sure of the origin of G-CSF in our study patients. However, the seven-fold increase in circulating G-CSF levels in our patients with cancer, and the lack of elevations of circulating G-CSF in the rest of our stroke patients compared to healthy controls, suggests that G-CSF indeed is cancer related. Furthermore, the positive correlation between elevations of circulating G-CSF and H3Cit and MPO as well as between G-CSF and markers of coagulation and platelet activation supports a link between G-CSF, NETosis and coagulation, as well as a link between cancer and arterial thrombosis.
Limitations
There are certain limitations worth noting, such as the small sample size in our study. Due to the sample size, we cannot determine the prevalence of a cancer induced NET burden in this patient group. However, the differences between the groups were large and of high statistical significance, and the data strongly suggests that NETs may be a previously unrecognized and important contributing factor to arterial microthrombosis in cancer. Further, the patients were selected on troponin levels and cancer diagnosis did not influence the inclusion. In fact, the cancer diagnosis was unknown in half of the cancer patients at inclusion, being diagnosed with cancer after stroke onset or at autopsy, as stated in Table 2 . We clearly show markers of NETs in cerebral, myocardial and pulmonary thrombi in patients with cancer. We cannot exclude the possibility that microthrombi observed in the small pulmonary arteries are emboli from thrombi in veins e.g. in the lower extremities. The main findings on autopsies were, however, thrombi in small arteries of several different organs strongly suggesting an arterial thrombotic diathesis in the stroke patients with cancer. Inclusion of a larger number of patients is needed to further validate our results.
Another limitation is that we could not perform immunohistopathology of thrombi in patients without cancer. None of these patients died and the thrombi were thus not available for analysis. Notably, there was a clear selection in including patients with the highest troponin levels. These results cannot be generalized to the ischemic stroke population with troponin elevation, as the majority of these patients have more modest elevations of troponin, probably due to previously suggested mechanisms such as myocardial comorbidity. However, our results strongly suggest a novel mechanism behind large elevations of troponin in ischemic stroke patients.
CONCLUSIONS
Taken together, we present new findings suggesting a cancer-induced systemic NET burden resulting in concomitant widespread cerebral and myocardial microthrombosis presenting as ischemic stroke with high elevations of plasma troponin. Elevated plasma troponin in ischemic stroke patients deserves special attention, and the presence of occult malignancy should be considered, not only to enable earlier diagnosis and possibly elimination of a causative tumor, but also to enable initiation of treatment of the pro-thrombotic state. Lowmolecular-weight heparin (LMWH) is currently the preferred treatment and prophylaxis of cancer associated pro-thrombotic events, whereas oral anticoagulants have been less effective 37 . Interestingly, heparins have also been shown to prevent NET-induced platelet binding and aggregation as well as promote the release of histones through destabilization of chromatin 14 . Antiplatelet agents are, however, dominating in ischemic stroke, with the exception of cardioembolic stroke where oral anticoagulants is the treatment of choice. Furthermore, recent pre-clinical studies have demonstrated the possibility of alleviating the pro-thrombotic effects of NETosis with new therapeutic agents such as DNase 8, 38, 39 and PAD4 inhibitors 40 .
In a broader perspective, markers of a pro-thrombotic state, such as TAT and sP-selectin, and markers of NETosis, such as H3Cit, could aid in revealing cancer in patients with arterial thrombosis. These markers, as well as G-CSF, could also be useful in screening for susceptibility to arterial thrombosis in cancer patients. Further studies are needed to explore the extent of NET burden in cancer-associated arterial thrombosis, as well as the benefit of LMWH or new anti-NET therapeutic agents to alleviate the pro-thrombotic effects of NETs. A. Hematoxylin and eosin staining revealed microthrombosis in a small cerebral artery, in a small intramuscular coronary artery as well as in a small pulmonary artery. Small focal infarction was observed around the coronary microthrombi. Metastatic spread of prostate adenocarcinoma (small arrows) surrounding the pulmonary artery (arrow) was also present. B. Immunohistochemistry of H3Cit showed the presence of NETs in microthrombi of the brain, heart and lung. H3Cit positive cells as well as extracellular H3Cit was observed in all microthrombi. Granulocytes (blue nuclei stain) were also observed inside and around the Thålin et al. Page 15 coronary thrombus. C, D. Confocal microscopy revealed extracellular H3Cit which colocalised with DNA and confirmed the presence of NETs (arrows) in the cerebral, coronary and pulmonary microthrombi. The microthrombi were rich in von Willebrand factor (VWF). Smooth muscle actin (SMA) staining delineates the vessel wall.
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Fig 2. Plasma markers of coagulation, platelet activation and NETosis
A. Plasma markers of coagulation, platelet activation and NETosis were significantly higher in stroke patients with hsTnT elevation (n=12) compared to stroke patients without hsTnT elevation (n=20). B. Comparison of these plasma markers between ischemic stroke patients with and without cancer. Even higher levels were seen in patients with cancer (n=8). C. Exclusion of patients with cancer in the group of ischemic stroke patients with troponin elevation. When excluding patients with cancer, the differences between patients with hsTnT elevation (n=5) and normal levels of hsTnT (n=19) were diminished, suggesting a 
